Abstract
Introduction
Micro Aerial Vehicles (MAV) are an attractive platform for sensor deployment, search and rescue, reconnaissance etc. because of their very small size and high maneuverability. Early work on microrobotic flight was done by Shimoyama et a1 [l] , while various aspects and approaches to micro aerial flight are being pursued by various groups 12, 31. The Micromechanical Flying Insect (MFI) project at UC Berkeley aims at building one such MAV with a wing span of about 25 mm and weighing about 100 mg. Fundamental work by Dickinson et a1 [4,  51 showed that insects depend on a complex interaction of unsteady state aerodynamics to generate the necessary forces for lift and maneuverability. In order to generate these forces, they showed that insect wings must be capable of 2 degrees of freedom (DOF) called flapping and rotation. For sufficient forces, the wing must be able to go through about 120' of flapping and about 90" of rotation. Early work on the MFI proposed a flexible (or accordion shaped) wing to generate these 2 DOF [6] . Later, a rigid wing approach was adopted to generate better aerodynamic forces and to enable easier fabrication. A detailed dynamic model of the mechanism was derived and a framework for optimizing the various fabrication parameters based on this model was constructed [7] . At the time however, limitations in fabrication technology limited the performance of the structures.
This report summarizes the improvements in various performance parameters for the MFI. Section 2 describes the improvements to the structural dynamics from an improved wing differential design. Section 3 describes a flight force measurement experiment and compares the measurement to predictions by a quasi steady state model. Section 4 presents a technique for directly measuring the lift and thrust forces of the newest version of the MFI. Section 5 describes a new sensor mechanism which enables the external measurement of actuator (and wing) displacements and describes how this sensor can be used to estimate the wing damping for the MFI.
Improvements in Thorax Dynamics
The major mechanical component of the MFI is the thorax which consists of two fourbar mechanisms which amplify the motion from the piezo electric actuators and a spherical wing differential mechanism to convert these amplified motions into wing flapping and rotation. One of the major recent improvements in the thorax is a change in the basic structure of the wing differential. Previously, the wing differential consisted of a modification t o the basic spherical four-bar mechanism using a spherical joint composed of three flexures as shown in Fig. l(a) . Because this mechanism uses a larger number of flexures, it is able to tolerate greater fabrication misalignments without jamming, hut suffers from too much stiffness. Recently, improved fabrication techniques with much better precision have The diagonal terms of this transfer function are the drive transfer functions, while the off diagonal terms represent coupling between the fourbars through the wing differential. Ideally, we like the two drive t r a m fer functions to be identical and the coupling to be negligible compared to the drive.
Advances in the fabrication of the fourbar and differential reported by Wood et al [ll] , have enabled these criteria to be met with much greater success than previous generations of the MFI which used a p-origami approach proposed in [12) . As a comparison, consider'the behavior of the structure reported in [7] shown in Fig. 2 (a), which shows a very coupled system arising from a large differential stiffness and =: C($) a high inertia. The present generation of the MFI, whose performance is shown in Fig. 2 Table 1 shows the evolution of the inertial components of the MFI thorax over the past 2 years which has a large part to play in the improved dynamics. Table 2 show the evolution of the predicted wing power for the MFI based on its performance. Fig. 3(a) , the instantaneous differential force contributions from a vertical wing blade element of thickness dr at a distance T from the wing pivot are given as follows:
where the "tr" and "rot" subscripts indicate whether the contribution is due to translational or rotational motion, the "N" and "T" subscripts indicate that the direction is either normal or tangential t o the wing (notice that the rotational component is always assumed as a normal pressure force), p is the density of air, It is important to note here that 20 is usually taken to be a constant but this does not seem t o adequately consider how the position of the blade element relative to the rotation axis changes the force so it has been written here explicitly as a function of T .
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(a) Geometry of MFI wing (h) Carbon Fiber Differential and Wing For this experiment, we used simple sine wave drives to the two actuators at 150Hz. The drive signals were adjusted till a flapping angle of 120' and a rotation of f45' were obtained. By taking a movie of the wing motion from the top view and identifying various d i s tinct wing features, the wing trajectory was computed. Fig. 4 shows a sample of the frames from the movie and Fig. 5 shows the trajectory extracted from such image sequences. From this it is easy t o identify some key features of the wing motion. Firstly, we see that the wing moves through about 120' of flapping and that the rotation timing is well suited for generating lift. We see that the wing flip occurs before the end of the downstroke at one end and right near the end of the stroke for the upstroke. Moreover, the wing maintains a reasonable angle of attack for a good percentage of the downstroke which is also important from a lift perspective.
When this trajectory is used t o predict the wing forces according to equations (6)- (8), we obtain a wing lift trajectory over the wing beat as shown in Fig. 6 .
The predicted mean lift is found t o be 526pN, which is in remarkable agreement with the measured lift force of about 506pN. Table 3 This platform allows the lift force and drag or thrust force to be measured independently and in real time [15] . This was done previously with real insects, however until recently the mass of the MFI has limited the use of this structure.
Open Loop Control Strategy
We employed an open loop feedforward control strategy to generate the drive voltages for this structure. This consists of using strain gage sensors mounted at the base of the actuator to identify the thorax transfer function. The details on how to xcomplish this are presented in [7] . A pseudrrinverse of this plant is then calculated. The desired wing trajectory is then given as an input to the plant generating the required drive voltages as shown in Fig. 7 .
To test the lift capabilities of this structure, the wing is driven under kinematic control with a desired trajectory of f20' phase difference (which gets converted into 145" of wing rotation through the differential transmission) superimposed upon 120" of flap ping motion for the leading and lagging wing spars respectively. Due to structural limitations, we obtain a wing trajectory of i2O0 of rotation superimposed on 70" of flapping. This structure with these kinematics, driven at its resonant frequency of 170Hr gives an average lift of approximately 400pN and the resulting force traces are given in figure 9. Thus this one wing structure gives a lift just shy of half the total necessary force required for the MFI t o hover. This test platform provides an important tool for future testing. For a given kinematic parameterization, the resulting lift and thrust forces can be obtained in real time. This will allow searches over these parameter spaces to be quicker, putting the structure through less fatigue and obtaining more reliable results. 
Optical Sensing
Recent advancements in sensing and characterization of thorax structures have improved prototype fabrication speed and performance. Specifically, the adoption of optical sensing t o observe actuator (and therefore wing) deflection allows external sensing without restrictions on the size and weight of the equipment. One mobile unit can also be used on many The technique employed aims a n infrared beam at the back of the actuators and receives the reflected signal using a photwtransistor. Careful adjustment can lead to linear voltage output of the sensor with respect to actuator deflection. After proper amplification, actuator deflections in the range of l p m can be successfully detected.
This new sensing technique was employed on a lDOF fourbarlwing t o both demonstrate the ease of characterization it can introduce and to verify its accuracy. The setup employed appears in Fig. 10 . Using a dynamic signal analyzer, a bode plot of the input voltage to the actuator vs the output of the optical sensor was created. The plot was then converted into wing stroke by measuring the wing angle at 10 Hz at the same voltage signal as used during the frequency sweep. Because the sensor is linear, the magnitude of the bode plot can be calibrated by multiplying by the constant value between the signal analyzer output To verify the accuracy of the procedure using optical sensing; the system's stiffness, transmission ratio, Q, and wing damping were calculated and compared with expected values. As can be easily observed, the Bode plot in Fig. 11 was produced using a high amplitude input signal, so one expects a low Q for this system with an aggressively flapping (and therefore highly damped) wing. A Q of 2.21 can be directly observed from the resonant peak in the bode plot. Knowing the stiffness and transmission ratio (measured at DC) to be ktotol = 280.5NIm x 10-gNms/rad. Since that estimate was for an insect wing beating at 150Hz, while this experiment had the wing beating at 204Hz, the higher value seems to be in good agreement.
Conclusions
This paper presented an important milestone in the MFI project. We report a lift of 500pN, the "brealeven" point for the first time. The wing differential mechanism has also crossed the elusive 120" flapping and 90' rotation for the first time. Flight force measurements validate several important things about the h4FI. Firstly that generation of adequate lift is feasible with the present mechanism and actuator design. Next it also provides important corroboration to the quasi steady state models derived in [13] . New materials and fabrication techniques have made possible real time control and flight force sensing of the MFI thorax yielding a force of 400ph' from a single wing robot weighing about 80mg.
